L
-
O
I—
(ad
<

Transferrable Superhydrophobic Surface
Constructed by a Hexagonal Cul Powder
without Modification by Low-Free-Energy
Materials
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ABSTRACT A new route combining a facile wet-chemical process and spin coating was developed to fabricate a Cul film assembled
by hexagonal crystals. Remarkably, such a Cul film displays excellent superhydrophobicity without further modification by low-free-
energy materials (thiol or fluoroalkylsilane). The special wettability is attributed to a hierarchical morphology of Cul crystals with two
length-scale roughnesses and the nature of the material itself. Importantly, this superhydrophobicity is quite stable and the water
contact angle of the as-prepared sample only decreases slightly, even when it is kept in air for about half a year. The superhydrophobicity
of the as-prepared Cul powder is a bulk property of the material and not just of its surface, so such a powder coating could then prove
useful in conferring superhydrophobicity to other surfaces to which it is applied. These facts might improve its practical application

with environmental friendship in superhydrophobic coatings.
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1. INTRODUCTION

uperhydrophobic surfaces whose water contact angle

(CA) is larger than 150° have recently aroused great

interest in numerous industrial and scientific fields
because of their unique water repellence with self-cleaning
properties and their potential for practical applications in
multiple fields, including self-cleaning windshields for auto-
mobiles, impermeable textiles, antisticking coatings for
antennas and windows against snow, microfluidics in bio-
technology, antibiofouling paints, and the biomedical area
(1—=21). Nature accomplishes such fascinating superhydro-
phobic effects by combining the use of low-surface-energy
materials with surfaces that demonstrate peculiar features,
such as micro- and nanosized hierarchical roughness (22—25).
Well-known examples include self-cleaning lotus leaves and
water striders that are able to walk on the water surface.
Inspired by Nature, considerable efforts concerning the
study of such surfaces have been made and a number of
approaches to artificial superhydrophobic surfaces have
been developed (26—42). Generally, a superhydrophobic
surface can be effectively fabricated by combining the
appropriate surface roughness with materials of low surface
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energy, and the modification of compounds that contain
fluorine or thiol is often necessary (43—45). However, there
are several issues originating from the modification of
fluorine- or thiol-containing compounds, i.e., multistep pro-
cedures, harsh modification conditions, an environmentally
unfriendly fluorine- or thiol-containing compound and its
contamination, and, most importantly, the instability of the
superhydrophobic effect. As a result, practical applications
of such functional materials have not been fully realized, and
there is a clear need for an applicable approach toward
superhydrophobic surfaces without modification by low-
free-energy materials. The preparation of superhydrophobic
surfaces without further modification with low-free-energy
materials is a formidable challenge, and the development
of such a surface has rarely been reported.

Recently, cuprous iodide (Cul) has attracted much atten-
tion because of its unusual features (46—51), such as a large
direct band gap (3.1 eV below 350 °C), a negative spin—orbit
splitting, anomalous diamagnetism behavior, a large ionicity,
a new high-pressure phase, and potential applications in a
superionic conductor, solid-state solar cells, catalysis for the
synthesis of organic compounds, etc. Consequently, great
efforts have been made to establish different techniques to
prepare Cul nano/microparticles (52—59), such as elec-
trodeposition, a pulse laser deposition technique, vacuum
evaporation, a hydro-/solvothermal method, and an in situ
etching process. Except for all of these investigations, the
fabrication and use of Cul with special structures in the
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wettability field have never been studied despite its out-
standing advantages, such as high safety, environmental
benignity, low cost, etc. (60—62). In this work, we develop
a new route to fabricate a Cul film consisting of hexagonal-
shaped Cul crystals by a facile wet-chemical process. Inter-
estingly, such a Cul film demonstrates excellent superhy-
drophobicity with a water CA of 157.3° without further
modification by low-free-energy materials. More impor-
tantly, this superhydrophobicity was so stable that the water
CA of the as-prepared sample only decreased slightly, even
when it was kept in air for about half a year. Additionally,
the superhydrophobicity of the as-prepared Cul powder is
not just of its surface but a bulk property of the material,
which makes it useful in conferring superhydrophobicity to
other applied surfaces. These facts might lead to its good
practical application with environmental friendship in su-
perhydrophobic coatings.

2. EXPERIMENTAL SECTION

All chemical reagents of analytical grade were supplied by
Beijing Chemicals Co. Ltd. and used as received. All water used
in this investigation was deionized by a Nanopure filtration
system to a resistivity of 18 MQ-cm. The preparation of a
hexagonal Cul powder is quite straightforward. A total of 5 mL
of a 0.15 M cupric sulfate aqueous solution, 6 mL of 5 mM
aniline, and 5 mL of a 0.15 M potassium iodide aqueous solution
were added under constant stirring, respectively, to 14 mL of
ultrapure water. The mixture was stirred for 10 min in a 50 mL
round-bottomed flask at room temperature. Then a large quan-
tity of dark-yellow precipitate and a colorless supernatant were
obtained. The resulting precipitate was filtered, washed with
distilled water, and redispersed in distilled water for further
characterization with field-emission scanning electron micros-
copy (FESEM), transmission electron microscopy (TEM), high-
resolution TEM (HRTEM), X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS) techniques to obtain detailed
information on the morphology, components, and crystalline
structure. The FESEM images were obtained on an XL30 ESEM
FEG scanning electron microscope operating at 20 kV. TEM and
HRTEM were taken with a JEOL JEM-2010 transmission electron
microscope. The XRD pattern was recorded on a Ragaku-D/Max
2500 V/PC X-ray diffractometer using Cu Ko, radiation (1 =
1.540 56 A) at 40 kV and 200 mA. XPS was collected on an
ESCALab MKII X-ray photoelectron spectrometer, using non-
monochromatized Mg Ko X-ray as the excitation source.

A droplet of the Cul particle suspension in ethanol was placed
on a cleaned substrate fixed on a spin coater at a rotating speed
of 800 rpm for 5 min, and a Cul crystal film would be formed
after drying. The wettability of the as-prepared film was char-
acterized by measuring the water CA with a contact angle
meter. A 2 uL water droplet was placed on this hierarchical
particle array film for water CA measurement. CA values were
obtained by averaging five measurements on different areas of
the sample surface.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. The phase purity
of the as-prepared product was determined by XRD, as
shown in Figure 1. All of the diffraction peaks can be readily
indexed to cubic Cul (space group F43m,a=b=c=6.0510
A, o= =1y =090°, and JCPDS file no. 06-0246). Parts a
and b of Figure 2 show XPS spectra of Cu 2p;, and 2ps,
and the 1°ds core level acquired from an as-prepared sample.
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FIGURE 1. XRD patterns of the as-prepared sample. The vertical lines
represent the data of JCPDS card no. 06-0246.

The positions of the peaks of Cu 2py,, and 2ps; of the sample
are 952.2 and 932.2 eV, respectively, without the shake-up,
which implies a feature of Cu™ (63). The peak positions of |
3ds, 619.5 and 631.0 eV, are well consistent with the ones
in the database. What is worth noting is that the N 1s peak
originating from the raw material, aniline, was also observed
(Figure 2¢), which is a firm proof that aniline participated in
the formation of the product.

Low-magnification FESEM observations show that the
panoramic morphology of the as-obtained Cul product is
mainly a hexagonal sheet with side lengths from 0.4 to 1
um (Figure 3A). Closer observation (Figure 3B) shows that
each hexagonal sheet is built from six orthotrigonal sheets
with discernible connection marks, which typically indicates
that the connection mechanism functions here and will be
discussed in the following section. A much closer examina-
tion (Figure 3C) vividly reveals that the structure of the
architecture is assembled from a single layer of oriented
nanorods with an average diameter of ca. 20 nm and a
length of 300 nm, which results in a rough surface protruding
to the outside. This observation shows that the surface
possesses a hierarchical morphology with two length-scale
roughnesses, which may endow it with improved wettability.
The microstructure of the as-grown samples is further
analyzed using TEM and HRTEM. The TEM image of a single
nanocrystal (Figure 4A) reveals clearly a hexagonal morphol-
ogy consisting of six trigonal sheets. The length of the side
is around 0.45 um. The HRTEM image in Figure 4B can give
further insight into the details of the structure. The lattice
fringes with d spacings of 3.41 and 2.27 A corresponding to
the {111} and {220} planes can be clearly distinguished,
which indicates its single-crystalline nature. This result is well
consistent with the XRD pattern.

3.2. Formation Mechanism. From FESEM observa-
tion, it can be clearly seen that each hexagonal Cul is built
from six trigonal sheets, most of which are orthotrigonal.
To the best of our knowledge, there are few reports on such
a hexagonal morphology built from trigonal sheets. Let us
tentatively discuss the formation mechanism. In this wet
chemical process, aniline serves as the reducing agent for
the reaction and Cu?* ions are reduced and complex with
I” simultaneously to form Cul monomers. When the con-
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FIGURE 2. XPS spectra of the sample. Parts A—C are spectra from
the Cu 2p, I 3ds, and N 1s core levels, respectively.

centration of Cul monomers has reached supersaturation,
they start to nucleate and grow into particles, sheets, or
wires. Here we suggest that, although the exact role of
aniline is still not clear, aniline can be bonded to the Cul
nucleation surface through the —NH, functional group,
affecting the surface energy. Aniline molecules and/or some
molecules induced by reaction adsorb preferentially onto the
sites of the {111} planes of Cul nuclei, which greatly
decreases the surface energy of the {111} planes and leads
to preferential growth along the (110) directions. As a
consequence, a rodlike intermediate formed. This, in turn,
favorsthe formation of triangular orhexagonal Cul nanosheets.
The participation of aniline in the formation of the hexagonal
Cul sheet has been verified by XPS (Figure 2C). The failure
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FIGURE 3. FESEM images of the as-prepared Cul: (A) low-maghnifica-
tion image; (B) a single hexagonal nanosheet; (C) high-magnification
observation.

FIGURE 4. TEM (A) and HRTEM (B) images of the as-prepared Cul.

to produce hexagonal Cul upon substitution of ascorbic acid
and tryptophan for aniline further confirms the special role
of aniline in the formation of such a unique hexagonal Cul
(Figure 5).

On the basis of the above analysis, we believe that there
are two main mechanisms for the formation of the large Cul
nanosheets after the formation of a large number of small
nanosheets under the proper conditions: (i) some of the
small nanosheets will continue to grow mainly along the
{110} direction, within the {111} planes, by Cul monomer
attachment, forming larger nanosheets; (i) most small
nanosheets will be connected together along the {110}
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FIGURE 5. FESEM images of the products by substitution of ascorbic
acid and tryptophan for aniline.
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FIGURE 6. Schematic illustration for the formation of hexagonal
nanosheets by the connection mechanism: (A) formation of Cul
crystal seeds; (B) formation of nanorods; (C) self-assembly of nano-
rods into triangular nanosheets; (D and E) formation of hexagonal
nanosheets by the connection mechanism from the formed trian-
gular nanosheets.

w

lateral planes, which are of relatively high surface energy,
leading to the formation of very large hexagonal nanosheets,
as schematically illustrated in Figure 6. Obviously, such a
connection should be thermodynamically more stable and
hence will occur in solution during the reaction. In addition,
such a growth mechanism had also been illustrated by Jin
et al. (64) and Li et al. (65).

The connection mechanism was further examined by
morphology investigation, as demonstrated in Figure 7. Both
the incomplete and complete hexagonal nanosheets have
discernible connection marks, which typically indicate the
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B) atomic attachment and (C and D) by the connection among six
triangular sheets. (A and B) Results of atomic attachment to the edge
sides of a hexagonal sheet and a triangular sheet, respectively. (C
and D) Incomplete and complete connections among hexagonal
sheets, respectively.

connection among triangular sheets (see parts C and D of
Figure 7, respectively). Also, we can see evidence of the
growth mechanism known as “atomic attachment” in parts
A and B of Figure 7, in which the structures display rough
profiles, indicating that atoms attach to the edges during the
reaction.

3.3. Superhydrophobic Surface without Modifi-
cation by Low-Free-Energy Materials. Figure 8A shows
an image of the water droplet on the Cul film by spin coating.
One can see that the water drop almost displays a spherical
shape. The water CA in this image is 157.3°. A sequence of
photographs of a droplet lowered onto the surface was
recorded to probe the CA hysteresis of the Cul film (Figure
8B—F). In this sequence, a clear comparison of the droplet
shape is displayed for the initial state due to gravity, the
exact contacting state, the tight and severe contacting states
under pressure, and the state when removed from the
substrate. When the droplet just touched the surface, it did
not change from its initial shape.

Superhydrophobicity is usually explained by the Cassie—
Baxter model (8) according to the fact that a rough hydro-
phobic surface can be considered as a kind of porous or
hierarchical medium at which the penetration of the liquid
is not favorable. Thus, air pockets remain trapped below the
liquid, which sits above a patchwork of solid and air. As can
be seen from the special hierarchical structure of the as-
prepared sample shown in Figure 3, this kind of highly rough
surface is mainly composed of air. It was then concluded
that such a strong superhydrophobicity is due to the higher
surface roughness caused by the unique hierarchical struc-
tures without surface treatment and is in agreement with
previously reported results on a real superhydrophobicity
with hierarchical micro/nanostructured surfaces (66—68).
The relatively small water CAs (Figure 9) for other Cul films
with morphologies such as those shown in Figure 5, 102.2°
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FIGURE 8. (A) Image of water on the Cul-coated silicon wafer. (B—D)
Sequential photographs of the droplet recorded before and after the
water droplet made contact with the Cul-coated silicon wafer: (B)
initial state; (C) exact contact; (D) tight contact; (E) severe contact;
(F) final state.

A

FIGURE 9. Water CAs on the products by substitution of ascorbic
acid and tryptophan for aniline, as shown in Figure 5.

and 104.8°, respectively, give a firm proof that the excellent
superhydrophobicity is ascribed to the unique hierarchical
micro/nanostructures associated with the hexagonal Cul.

The long-term preservation of superhydrophobicity is an
important criterion for real applications of superhydrophobic
materials. In order to examine this parameter, a silicon
wafer coated with the superhydrophobic layer of a Cul
powder was kept in air for half a year. Figure 10 presents
the water CA change with time when it was kept in air. The
water CA decreased just slightly but still retained its super-
hydrophobicity, even after 6 months, which substantiates
that the as-prepared sample possesses a very stable super-
hydrophobicity.

Because the superhydrophobicity of the as-prepared Cul
powder is a bulk property of the material and not just of its
surface, such a powder could then prove useful in conferring
superhydrophobicity to any surface to which it is applied.
To test this concept, the material was then coated onto a
glass substrate and adhesive tape and the superhydrophobic
properties can be well kept (Figure 11). This observation
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FIGURE 10. Water CA change with time when the Cul-coated silicon
wafer was Kkept in air. Each point represents the mean + 2%
standard error.

A

FIGURE 11. CAs of the glass substrate (A) and adhesive tape (B)
coated by the as-prepared Cul.

verifies the transferability of the superhydrophobic powder
and conceptually opens up a new door in the wettability
field.

4. CONCLUSION

In summary, we obtained a superhydrophobic material
with a water CA of 157.3° by using a facile wet-chemical
process based on Cul, a nonoxide inorganic semiconductor.
The surface possesses a hierarchical morphology with two
length-scale roughnesses. The excellent water repellency
without modification is indicative of the critical role of the
two-scale hierarchical morphology, which combines micros-
cale and nanoscale features. More interestingly, the super-
hydrophobicity of the as-prepared Cul powder is a bulk
property of the material and not just of its surface and so
could then prove useful in conferring superhydrophobicity
to other surfaces to which it is applied. These results provide
insight into the design of stable water-repellent surfaces in
other powder materials, thus creating opportunities for
various exciting applications.
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